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ABSTRACT— The cholinergic hypofunction in Alzheimer's disease (AD) appears to be linked with two other 
major hallmarks of this disease, /?-amyloid and hyperphosphorylated tau protein. Formation of /^-amyloids 
might impair the coupling of Ml muscarinic acetylcholine receptors (mAChR) with G-proteins. This can lead 
to decreased signal transduction, a decrease of trophic and non-amyloidogenic amyloid precursor protein 
(APPs) and generation of more ^-amyloids, aggravating further the cholinergic deficiency. This review is an 
attempt to explore the Ml mAChR regulation of /J-amyloid metabolism, tau hyperphosphorylation and cogni- 
tive functions. The therapeutic potential of Ml -selective muscarinic agonists including AF102B, AF150(S), 
AF267B (the AF series) is evaluated and compared, when possible, with several FDA-approved acetyl- 
cholinesterase inhibitors. These Ml agonists can elevate APPs, decrease tau protein phosphoryiation/hyper- 
phosphorylation in vitro and in vivo and restore cognitive impairments in several animal models for AD. 
Except for the Ml agonists, no other compounds were reported yet with combined effects; e.g., amelioration 
of cognition dysfunction and beneficial modulation of APPs/0-amyloid together with tau hyperphosphory- 
lation/phosphorylation. This property of Ml agonists to alter different aspects associated with AD pathogene- 
sis could represent the most remarkable clinical value of such drugs. 
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1. Introduction 

Neurofibrillary tangles, amyloid plaques containing the 
^-amyloid peptide (A/J), and degeneration of cholinergic 
neurons that ascend from the basal forebrain to cortical 
and hippocampal areas are three major hallmarks in Alz- 
heimer's disease (AD), the major cause of dementia in the 
elderly (reviewed in refs. 1 - 3). 

The hypothesis that cholinergic hypofunction contrib- 
utes to cognitive deficits in patients with AD has prompted 
the design of novel treatment strategies designed to restore 
lost cholinergic function. Two major strategies were exten- 
sively exploited so far via inhibition of acetylcholine (ACh) 
hydrolysis by acetylcholinesterase inhibitors (AChE-Is) and 
activation of muscarinic receptors (mAChR) by muscarinic 
agonists, respectively. The FDA has already approved 3 
AChE-ls for treatment of cognitive impairments in AD 
and several more AChE-Is are at various stages of deve- 
lopment or approval. Among the 5 subtypes of mAChR 
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known so far, the Ml mAChR, predominant in the cere- 
bral cortex and hippocampus, has attracted significant in- 
terest due to its major role in cognitive processing relevant 
to AD, in particular short-term memory (1—4). Notably, 
Ml mAChR is relatively unchanged in AD (3-7, but 
vide infra) and therefore may serve as a target for rational 
drug design of cognitive enhancers (e.g., Ml muscarinic 
agonists). Ml muscarinic agonists may offer an advantage 
in treating AD because they might allow the continuation 
of symptomatic treatment of cognitive decline when 
AChE-Is may no longer work. This is based on the as- 
sumption that Ml muscarinic agonists that activate post- 
synaptic Ml mAChR do not require the production and 
release of ACh from presynaptic terminals. Thus this 
strategy should be less limited, in principle, by the extent 
of degeneration of presynaptic cholinergic projections to 
the frontal cortex and hippocampus as observed in a 
progressive disease such as AD (6-9). However, some 
muscarinic agonists have major clinical limitations, lack 
Ml selectivity and showed disappointing clinical results in 
AD (8, vide infra). Therefore, the proof of the clinical con- 
cept utilizing the muscarinic approach could not be tested 
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Fig. 1. The AF series vs acetylcholine. 



appropriately. 

Several centrally active muscarinic agonists were report- 
ed. These compounds can be classified as: a) Ml function- 
ally selective including: AF102B (Cevimeline, the first re- 
ported Ml agonist); AF150(S) (reviewed in refs. 4, 6, 8) 
and AF267B (Fig. 1), talsaclidine (10), YM796 (11), CI- 
1017 (12); b) Higher selectivity for M4 versus Ml mAChR: 
xanomeline (13, 14); c) Non-selective: milameline (15); 
d) Partial agonists with limited selectivity for Ml mAChR: 
sabcomeline (SB-202026) (16, 17) and alvameline (LU25- 
109), a very weak partial Ml agonist with M3 antagonist 
profile (18). 

While ACh is a highly flexible molecule capable of at- 
taining numerous conformations with the same energy, the 
AF series (Fig. 1), invented and studied by our group, are 
rigid analogs of this neurotransmitter. This rigidity may in 
principle limit the interaction of such compounds with the 
5 mAChR subtypes, resulting in ligands selective for one or 
more of these subtypes. Based on computer modeling and 
docking studies, a hypothetical Ml muscarinic pharmaco- 
phore can be defined (6). Notably, this pharmacophore is 
preserved in the highly rigid compounds shown in Fig. 1 
(6). Theoretically the rigid structure of the ligand may limit 
the conformational freedom in the ligand -receptor com- 
plex, which, in turn, may alter the affinity of Ml mAChR 
to form the ternary complex agonist-receptor-G-protein. In 
this context, we have shown that the functional selectivity 
of these agonists towards the Ml mAChR is preserved both 
at the level of the Ml mAChR as well as along select signal 
transduction pathways. This can be detected through acti- 
vation of only distinct sets of G-proteins (Gq/1 1 but not 
Gs), and signal transduction pathways mediated by Ml 
mAChR. Such a ligand-induced select signaling might be 
clinically beneficial due to a relevant altered signal trans- 
duction in AD (6, 19 and vide infra). 

Recent evidence indicates that Ml agonists could be use- 
ful not only in a symptomatic treatment but may also pro- 
vide limited causal therapy in AD. Thus a relation between 
the formation of Afi peptide and amyloid plaques, tau 
phosphorylation/hyperphosphorylation and the loss of 



cholinergic function in AD brains was reported (reviewed 
in refs. 2, 4, 7, 8, 20-23). The text below is an attempt to 
explore these findings and the therapeutic potential of Ml 
agonists utilizing data accumulated on such compounds. 

2. Ml agonists, Afi processing and prevention of apoptosis 
induced by Afi 

At least two major pathways control the processing of 
amyloid precursor proteins (APP): a) cleavage by an 
unknown secretase termed "a-secretase" of APP in the 
middle of its ^-amyloid region to produce the secreted, 
neurotrophic and neuroprotective APP fragment (a-APPs); 
b) cleavage to form the A/? peptide, a major component of 
the amyloid plaques, via activation of fi- and y-secretases 
(reviewed in ref. 20; see also Fig. 2). 

Stimulation of Ml mAChRs can increase formation 
(a-APPs), preventing the formation of Afi peptide. Ml 
agonists may prevent Afi formation by selectively promot- 
ing the "a -secretase" processing pathway in AD (Fig. 2). In 
this context, an increased secretion of a-APPs in various in 
vitro systems resulted in decreased synthesis of Afi follow- 
ing treatment with muscarinic agonists (28, 29). Several 
studies confirmed that a-APPs secretion in vitro is en- 
hanced following activation of Ml mAChR with musca- 
rinic agonists (26, 27, 30- 34) (Table I). Remarkably, Ml- 
selective agonists may alter APP processing in the cortex 
and hippocampus where Ml mAChRs are abundant (33, 
34). 

Muscarinic stimulation activates at least two transduc- 
tion pathways that lead to a-APPs secretion, protein 
kinase C (PKQ-dependent and mitogen-activated protein 
kinase-dependent (MAPK) pathways (Fig. 2A). These path- 
ways operate in parallel and converge with transduction 
pathways of neurotrophins, resulting in enhancement of 
APPs secretion when both muscarinic agonist and neuro- 
trophins stimulate their respective receptors (35). 

Studies in vivo support the relation between the choliner- 
gic system and Afi metabolism (Table 1). Such findings 
strengthen in vitro reports about a tight linkage between 





Fig. 2. The linkage of Ml mAChR, 0-amyloid and tau phosphorylation. A: In a normal synapse. Ml agonists or ACh (released 
presynaptically) bind to Ml mAChR and form the complex agonist-receptor-Gq/11. cr-APPs are increased following this interac- 
tion (24 - 28) via PLC-0-dependent and MAPK-dependent pathways (35). /?- Amyloid levels are reduced following activation of Ml 
mAChR (23, 29). Tau protein hyperphosphorylation is also decreased by activating PKC that inhibits the constitutively activated 
GSK-30 (and/or inhibiting other kinases or upregulating phosphatases) (44-48). B: Three vicious cyles that link the cholinergic 
hypo function with 0-amyloid and tau phosphorylation. A cholinergic hypofunction in AD may lead to formation of ^-amyloid 
which might impair the coupling of Ml mAChR with G-proteins (2, 67). This disruption in coupling can lead to decreased signal 
transduction, to a reduction in levels of trophic amyloid precursor proteins (a-APPs) and generation of more /J-amyloid that can 
also suppress ACh synthesis and release (68, 69) aggravating further the cholinergic deficiency (2, 8, 65, 67). These "vicious cycles", 
a presynaptic and a postsynaptic one, may be inhibited, in principle, by Ml -selective agonists. PKC, protein kinase C; HYPER- P- 
TAU, hyperphosphorylated tau proteins; PLC, phospholipase C; PHF, paired helical filaments. 
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Table 1. Cholinergic effects and APP/0-amyloid processing 



Study (Ref.) 


a-APPs 




^-Amyloids 


Muscarinic 
agonists (in vitro) 
(24-35) 


Increase (24-35) 




L/Cvl CtLM. \x.O, Xr^y 


Swedish Familiar 
AD (APP670/671 
mutation) (80) 


CSF: a-APPs is reduced and correlates 
with cognitive impairment. 


A0 (1-42) is elevated. 


Tg mice (Swedish 
Familiar AD) +/— 
PKC activation (41) 


PKC-activation leads to: 

a_ A PPq _ Ma rhnnop 
u'nrrs vucuifjc 

0-APPs- reduction 




A^ (1-42) is elevated. 

r ^.V^-aCll vaUUIi ICaUS 10 zip — 

reduction. 


AF64A-treated 
rats (i.e. v.; (&o) 


H: a-APPs is reduced. 
APP-M is elevated. 




Not tested 


192 IgG-saporin 
lesioned-rats (37) 


CT: a-APPs is reduced. 
APP-M is elevated. 




Not reported 


192 IgG-saporin 
lesioned-rabbits (39) 


Not reported 




CT:A0 (1-42) is 8-fold elevated. * 
A^ (1 -40) is 2.5-fold elevated. 


192 IgG-saporin 
lesioned-rats; 
+/- RS-86 


-RS86 CT, H: 

APP-M is 
elevated. 


CSF: 

a-APPs is 
decreased. 


Not reported 

Pnpvntwl APP-M onrrfMfltM with 

cognitive impairment. 


(limited ekctivity 
forMJ mAChR)(38) 


+ RS86 CT, H: 

APP-M is 
decreased. 


CSF: 

a-APPs is 
elevated. 
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APP-M = membrane-bound APP, CT = Cortex, H = Hippocampus. 



APP processing and ACh. Thus a chronic cholinergic 
hypof unction in rats induced by either the cholinotoxin 
AF64A (36) or the immunotoxin 192 IgG-saporin produced 
a decrease in a-APPs that may indicate a reduction in a- 
secretase activity (37, 38). Furthermore, RS-86 (a musca- 
rinic agonist with limited Ml selectivity) attenuated the 192 
IgG-saporin effects on a-APPs (38). In rabbits, where the 
sequence of A/3(l-42) is similar to humans, a chronic 
cholinergic hypofunction elevated Aft in the cortex and 
hippocampus (39). Additionally, activation of PKC re- 
duced A/? in transgenic (Tg) mice that produce elevated hu- 
man Afi (1 -42) (40). In this context, several laboratories 
are evaluating the effects of Ml muscarinic agonists in such 
Tg mice. The hypothesis in such studies is that a reduced 
Afi should occur in such animals, following stimulation of 
Ml mAChR since PKC activation is mediated also by this 
receptor (Fig. 2A). 

Another aspect that appears relevant for the therapeutic 
potential of Ml agonists is their effects on apoptotic cell 
death induced by various insults such as growth factors 
deprivation alone or in combination with Afi peptides (40). 
In this context, starvation of PC12M1 cells (PC12 cells 
stably trans feet ed with Ml mAChR) decreases cell viability 
by 40%, and further addition of Afi (25-35) (1 -25 jiM) 



reduces cell viability by 60%. AF150(S) f AF267B and car- 
bachol inhibited death of both starved and A/Mreated 
cells. A 200% increase in apoptotic cells was detected after 
starvation of PC12 and PC12M1 cells, with a further in- 
crease of 50% after treatment with A0(25-35) or Afi 
(1-42). In PC12M1, but not PC12 cells, these muscarinic 
agonists completely reversed both starvation- and Afi- 
induced apoptosis, indicating activation of Ml mAChR. 
In addition, after starvation or Afi peptides, the fraction 
of apoptotic cell population was decreased by muscarinic 
agonists and this effect was blocked by atropine indicating 
the involvement of mAChR. Additionally, following star- 
vation or Afi addition to PC12M1 cells, the transcription 
factor p53 was translocated from the cytoplasm to the 
nucleus in a time-dependent manner. Increased levels of 
immunoprecipitated p53 were observed following Afi addi- 
tion with a maximum at 4-5 h, and AF150(S) attenuated 
this effect. In summary, Ml agonists protect PC12M1 cells 
from apoptosis induced either by starvation alone or com- 
bined with Afi peptides (40). 

3. Ml mAChR-depbosphorylation of tau proteins 

Tau microtubule-associated protein is neuronal specific, 
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and its expression is necessary for neurites outgrowth (42, 
43). Hyperphosphorylated tau proteins are the principal 
fibrous component of the neurofibrillary tangle pathology 
in AD (reviewed in ref. 43). Activation of Ml mAChRs 
decreases tau protein phosphorylation. This was first shown 
in PC12M1 cells (44) and confirmed in vitro (cell cultures) 
(45, 46) and in vivo [in apolipoprotein E (ApoE)-deficient 
mice] (47). ApoE deficiency results in hyperphosphoryla- 
tion of a distinct tau domain whose excess phosphorylation 
can be reduced by Ml muscarinic treatment (47). It can be 
deduced that activation of Ml mAChRs might provide a 
novel treatment strategy for AD by modifying tau process- 
ing in the brain (47). The effects on tau proteins suggest a 
link between Ml mAChR-mediated signal transduction 
system(s), and the neuronal cytoskeleton via regulation 
of phosphorylation of tau microtubule-associated protein 
(44). Moreover, this may indicate a dual role for Ml 
agonists: as inhibitors of a "vicious cycles" induced by A/3 
and over-activation of certain kinases (e.g., GSK3-/?) (Fig. 
2B) and/or down-regulation of phosphatases, respectively 
(8,43-48). 

4. The evaluation of Ml muscarinic agonists in animal 
models for AD 

Due to the unknown etiology of AD, no homologous 
animal model has been developed so far. Under such limi- 
tations, a multitude of animal models, mimicking different 
aspects of this disease, are needed to increase the predictive 
value of a potential drug to be used in AD. Several Ml 
agonists, including the AF series, were tested in various 
animal models (reviewed in refs. 4, 6 and 8). In this con- 
text, the Ml agonists from the AF series restored memory 
and learning deficits in several animal models that mimic 
cholinergic and/or other deficits reported in AD, without 
producing adverse central and peripheral side effects at 
effective doses and showing a relatively wide safety margin 
(>200 - 500 fold). The extensive preclinical database ac- 
cumulated indicates that these compounds have fewer ad- 
verse effects and a higher safety margin in animal studies 
compared with other compounds of the same class (re- 
viewed in refs. 4, 6 and 8). For illustrative purposes the 
effects of AF)50(S) in ApoE-deficient mice and in the aged 
Microcebus murinus are described in more detail below. 

4.1. Studies in ApoE-deficient mice: AF150XS) and rivastig- 
mine 

ApoE-deficient mice have memory deficits, synaptic loss 
of basal forebrain cholinergic projections and hyper-phos- 
phorylation of distinct epitopes of the microtubule-associ- 
ated protein tau. These impairments are restored by a 
prolonged treatment with AF150(S) (47, 49). AF150(S) 
completely abolished working memory impairments in this 



model in a Morris Water Maze test (49). Furthermore, this 
cognitive improvement in ApoE-deficient mice was as- 
sociated with a parallel restoration to control values of 
reduced choline acetyltransferase and AChE and elevated 
Ml mAChR brain levels, respectively (49). These findings 
indicate that Ml agonists may have neurotrophic effects 
in vivo. Notably, under similar experimental conditions 
rivastigmine restored only cognitive impairments, but not 
AChE levels (50). From this and the study below, it can be 
anticipated that no tolerance is expected to occur in AD 
patients treated with partial Ml agonists such as AF150(S). 

4.2. The effects of AF150(S) in the aged primate Micro- 
cebus murinus 

The aged primate Microcebus murinus in captivity de- 
velops parenchyma] amyloid plaques and abnormally phos- 
phorylated tau proteins within the cortex (51-53). Neu- 
ronal loss, a basal cholinergic degeneration and specific 
behavioural and cognitive impairments accompany these 
pathological features. This natural animal model mimics in 
fact most of the neuropathology of AD (51 - 53). In this 
model a long-term chronic treatment with AF150(S) re- 
markably improved the behavior and cognition of the 
animals vs their baseline and also vs aged-matched micro- 
cebes. Notably, this is the first study that evaluated chronic 
drug treatment on cognition and behavior for a period of 
18 months including a "drug holiday paradigm" in this 
unique model. The effects of AF150(S) do not diminish 
with time; on the contrary, a progressive increase in per- 
formance and in the number of responders is observed. 
This may indicate that AF150(S) might have a disease-modi- 
fying property in this animal model. It remains to be seen 
whether such potential property can be detected also in the 
brain pathology of the treated animals vs the control ve- 
hicle-treated. This supports AF150(S) as a candidate drug 
in AD that is not producing tolerance following such long 
term chronic treatment and the aged Microcebus murinus 
as a highly relevant model of the disease (54). 

5. Why did some muscarinic agonists show disappointing 
results in AD? 

Given the plethora of beneficial effects described above, 
a major question one can ask is why some of the tested 
muscarinic agonists failed in clinical trials in AD patients. 
Is this a unique case where either the side effects were too 
severe, the therapeutic potential too weak and/or the thera- 
peutic concept was wrong? 

The text below is an attempt to provide some sensible 
answers to this question by utilizing drugs that showed 
some positive effects in AD patients. In this context, 
AChE-Is (tacrine, donepezil and rivastigmine) are the only 
approved FDA drugs that show beneficial, albeit limited, 
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symptomatic effects on cognitive dysfunctions in AD 
patients (55). 

It is not reasonable to presume that when compared with 
Ml agonists, only the AChE-Is should be effective in AD 
since: a) in general, the effect of the AChE-Is is mediated 
via increased synaptic concentration of ACh, and that by 
activation of Ml mAChR enhances memory and learning 
processing; b) mechanistically, an Ml agonist induces the 
same effects as ACh via Ml mAChR; and c) some musca- 
rinic agonists have shown positive cognitive effects similar 
to those obtained with AChE-Is (reviewed in refs. 4 and 8). 
It is also unlikely that the beneficial cognitive effects of 
these AChE-Is are mediated entirely by receptors other 
than the mAChRs (i.e., only nicotinic receptors). Notably, 
several nicotinic agonists are developed for AD treatment. 
However, nicotinic receptors are decreased in AD brains 
(3), hampering perhaps the effectiveness of this therapeutic 
strategy in AD. On the other hand, one cannot ignore the 
possibility that better effects might be obtained with a com- 
bined treatment that stimulates both post-synaptic mAChR 
(e.g., Ml mAChR) and brain nicotinic receptors. 

5.1. Some muscarinic drugs had major clinical limitations 

Most studies with muscarinic agonists employed clinical 
protocols designed to show their use in a symptomatic 
treatment on cognition and behavior in AD patients. Un- 
fortunately when studies failed, in particular Phase 111, 
these were performed with compounds having several 
major clinical limitations (reviewed in ref. 8). The sponsors 
(drug companies) without a clear scientific reasoning 
prematurely interrupted several clinical studies on other 
muscarinic agonists. All these limitations did not allow a 
proper evaluation of the clinical concept. Furthermore, 
very few of the already developed agonists could fulfill 
rigorous acceptance criteria (8) in order to be considered as 
a promising treatment strategy in AD patients. 

1. In general, there is a dearth of centrally active Ml 
agonists (4, 6-9). The published functionally selective Ml- 
selective agonists are partial agonists, at least in some of 
the standard assays. Compounds like milameline and sab 
comeline, lack selectivity for Ml mAChR and thus cannot 
be termed as Ml agonists (4, 8, 15 - 17). Some of the tested 
agonists like alvameline (18) are very weak agonists for Ml 
mAChR. In fact, these can be considered more as Ml an- 
tagonists (8). Notably, Ml antagonists can be detrimental 
on cognitive functions. 

2. Some of the clinical studies employed drugs that had 
extremely low oral bioavailability and extensive metabo- 
lism [e.g., xanoraeline, M4>M1 agonist, has a bioavailabil- 
ity in humans of <1% (13, 14)], leading to adverse effects 
(13) mediated most probably by a plethora of receptors (8). 
Notably, AChE-Is that are effective in AD have an in- 
comparable better bioavailability (%): donepezil (100%), 



metrifonate (90%), galanthamine (100%), rivastigmine 
(36%) and tacrine (17%) (55). 

3. Most of the drugs that failed in AD had a narrow 
safety margin with several side effects that limit the number 
of patients to. those who can tolerate higher and perhaps 
more effective doses. These include agonists such as mila- 
meline, xanomeline, sabcomeline and alvameline (reviewed 
in ref. 8). A compound with a minimal safety margin of 
>100 would be preferred. However, sabcomeline, for 
example, shows only 3 - 10-fold separation of cognitive vs 
side effects (8). This extremely limits the dosing protocol 
in AD patients. Milameline produced a plethora of side 
effects including such toxic effects as corneal opacities and 
urinary tract sepsis in preclinical studies and gastrointesti- 
nal, flatulence and parkinsonian symptoms in clinical trials 
(reviewed in ref. 8). 

4. All these muscarinic drugs were administered in fixed 
non-individualized doses, that for the non-selective agonists 
produced intolerable side effects. 

5.2. Phasic versus tonic stimulation: what is really needed 
in AD treatment? 

ACh released pre-synaptically when required causes 
phasic stimulation. Released ACh activates post-synapti- 
cally Ml and M3 mAChR, while M2 mAChR autorecep- 
tors (presynaptic) control via negative feedback the con- 
centration of this neurotranmitter in the synapse. The en- 
tire cholinergic signal in a normal synapse is extremely well 
controlled both pre- as well as post-synaptically. Tonic 
stimulation is induced by post-synaptic activation of 
mAChR either by constant high concentration of ACh or. 
an exogenously administered muscarinic agonist. Whether 
cholinergic treatment in AD should produce its beneficial 
effect on cognition via a phasic or tonic stimulation is less 
than clear as outlined below: 

1 . The assumption is that AChE-Is should be more effec- 
tive in intact synapses in AD and less in those synapses 
where there is already a presynaptic cholinergic hypofunc- 
tion. AChE-ls increase the efficiency of cholinergic trans- 
mission by preventing the hydrolysis of released ACh, thus 
making more ACh available at the cholinergic synapse. 
This may be conducive to an over-excitation of intact syn- 
apses, perhaps in a tonic rather than phasic manner. Like 
muscarinic agonists, AChE-Is are assumed to take advan- 
tage of the relative preservation of post-synaptic mAChR 
in AD (56). In this context, the longer the inhibition of 
AChE, the better is the effect of the drug (e.g., donepezil 
or metrifonate vs physostigmine) on cognition in AD 
patients (55). In case of prolonged inhibition of AChE by 
an AChE-I, the stimulation produced by elevated levels of 
ACh in the cholinergic synapse cannot be considered as 
phasic. The synaptic concentration of elevated ACh may 
well exceed the normal level needed to activate post-synap- 
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tic mAChR (Ml, M3). In such a scenario, there is 
prolonged activation of these receptors. In fact, these 
receptors may be "tonically" activated (the synapse may 
even be "flooded" by ACh), (see also ref. 57). Thus it is 
not conceivable to presume that the beneficial effects of 
AChE-Is in AD patients is due to a phasic activation. 

2. Microdialysis studies in rat brains with the ¥DA- 
approved AChE-Is show threefold or greater increases in 
ACh in the extracellular fluid in hippocampus in rats (58, 
59). The extracellular ACh concentration measured by the 
intracerebral microdialysis technique reflects the ACh con- 
centration in the synaptic cleft (59). Thus the synaptic level 
of ACh must be high if ACh level is increased to that ex- 
tent and it is hard to imagine this producing a phasic 
response. In fact, AChE-Is may work tonically just like a 
post-synaptic agonist. 

3. The apparent phasic aspect of AChE-I relates to the 
presynaptic inhibition of further release of ACh. This, in 
fact, may be considered a drawback for using AChE-Is in 
AD. Notably, excessive autoreceptor stimulation (e.g., M2 
mAChR) may eventually reduce the ability of pre-synaptic 
neurons to transmit properly. Thus the activation of 
presynaptic autoreceptors may play a role in reducing the 
efficacy of AChE-Is. Moreover in AD, AChE needs to be 
inhibited to such a degree that the released ACh can func- 
tion post-synapticaUy without affecting the pre-synaptic 
events necessary for renewed transmitter synthesis and re- 
lease (60). This excludes a clinical response that is phasic 
and in fact emphasizes the tonic aspect. 

4. Beneficial effects on cognition in AD patients can be 
detected with the standard AD Assessment Scale-cognitive 
(ADAS-cog) test after a few weeks of chronic treatment 
with either an AChE-I or a muscarinic agonist. Neither a 
phasic nor a tonic stimulation can provide an intelligent ex- 
planation for such a delayed effect. Xanomeline improved 
cognitive deficits in AD patients comparable to the effects 
observed with AChE-Is (13). However, behavioral effects 
of AChE-Is in AD patients may differ when compared with 
the beneficial pronounced effects of xanomeline on this 
clinical parameter. The pharmacokinetic profile in the case 
of a muscarinic agonist may not reflect accurately phar- 
macodynamic effects relating to cognitive and psychotic 
behaviors in AD patients. Notably, the maximal effects 
of xanomeline on cognition in AD patients occurred after 
12 weeks, whereas the behavioral improvements were ob- 
served much earlier (13). In such a scenario, there is no 
practical relevance to tonic or phasic activation of the 
receptors. 

5. How can a phasic stimulation be induced? One feasi- 
ble approach is to administer either choline [or phos- 
phatidyl choline (lecithin)], the physiologic precursor of 
ACh biosynthesis. This approach can increase, in princi- 
ple, ACh levels in brain of animals and in plasma and CSF 



of humans, but this strategy failed in AD as it did not im- 
prove cognition in AD. Although various arguments can be 
proposed to explain ths lack of clinical efficacy, it is evident 
that a phasic stimulation alone may not be sufficient for a 
cholinergic replacement treatment to be effective in AD. 

6. Studies in several animal models, in particular those 
modeling the cholinergic deficiency in AD using either 
AChE-ls or muscarinic agonists, do not indicate a major 
role of phasic vs tonic modulation in ameliorating cogni- 
tive impairments. Notably, when selective partial Ml 
agonists were compared with the FDA-approved AChE-ls 
(tacrine, donepezil, and rivastigmine), these agonists were 
at least as effective as these AChE-Is in restoration of cog- 
nitive impairments (4, 8). 

7. ACh released (from genetically modified cells that 
produce ACh) into denervated neocortical target regions is 
sufficient for improving cognitive function in rats. The re- 
leased ACh presumably acts in a tonic manner on post- 
synaptic receptors, as postulated for dopamine released 
from grafted non-neural cells (61). 

8. Preclinical studies indicate that memory and learning 
are slow processes. Activation of mAChR can induce ex- 
pression of immediate early genes and transcription factors 
that give rise to the delayed expression of functional and 
morphological changes that underlie neurotrophic activity, 
learning and memory and other processes (62). As a result 
of such mechanisms, cognitive effects induced by AF102B 
(63), an Ml agonist (tonic?), or by BINB99 (64), an M2 an- 
tagonist (phasic?), have a long duration of action which 
lasts long after the compound is no longer detectable in the 
body fluids or brain regions (63, 64). Since Ml muscarinic 
agonists might also have neurotrophic-like effects, a com- 
pound with a moderate half-life can induce eventually long 
term effects reminiscent of endogenous neurotrophins (4, 
8). In such a scenario, the relevance of tonic vs phasic acti- 
vation of the mAChR is questionable. 

9. An argument that was raised against the use of mus- 
carinic agonists in general was that such compounds via a 
tonic stimulation might produce tolerance following a long 
term-treatment. However, no strong evidence supports 
such a claim since most of the drugs tested in clinical trials 
were partial agonists, that unlike full agonists, are not sup- 
posed to induce tolerance. 

In summary, the disappointing results obtained so far in 
AD patients with some of the tested muscarinic agonists 
compared with AChE-Is cannot be attributed to a tonic 
response associated with agonist stimulation. 

5.3. Changes in signal transductions in AD and vicious 
cycles 

The number of Ml mAChR is relatively preserved in 
AD, but there appears to be impairment in receptor G- 
protein interaction (reviewed in refs. 2, 3, 57 and 65). This 
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impairment may occur, at severaJ loci (57). The cholinergic 
hypofunction in AD can be linked with formation of A/? 
(2, 4, 8, 21, 23, 65). Furthermore, coupling of Ml mAChR 
with G-proteins in the hippocampus is impaired following 
a septal-hippocampal cholinergic lesion (66) and in hip- 
pocampal areas most affected by Afi plaques, but is intact 
in less affected areas (2, 3). Notably, subtoxic levels of A/? 
disrupted mAChR coupling to G-proteins linked to phos- 
pholipid hydrolysis without producing neuronal cell injury 
or death (67). The mechanism underlying A0-induced dis- 
ruption of mAChR-G-proteins coupling is not completely 
understood, yet it presumes involvement of reactive oxygen 
species (ROS) since this uncoupling can be attenuated by 
antioxidants (67). This impairment in coupling can lead to 
decreased signal transduction, to a reduction in levels of 
trophic a-APPs and generation of more A/J (3, 4, 8, 65, 
66). Afi at very low concentrations can also suppress ACh 
synthesis and release, aggravating further the cholinergic 
deficiency (68, 69). Some of these "vicious cycles" (Fig. 2B) 
may be blocked by Ml-selective agonists (4, 8). 

Another pertinent finding relates to altered signal trans- 
duction in AD in the cAMP-signaling pathways. Notably, 
cAMP levels were found to be increased in CSF taken from 
AD patients. The elevated levels of CSF cAMP in AD 
patients correlated significantly with CSF tau protein 
levels, indicating an up-regulation of cAMP-signaling 
pathway in AD physiopathology (70). Interestingly, mRNA 
for the a-subunit of Gs (the G-protein known to activate 



adenylate cyclase) were markedly elevated in postmortem 
brain tissues of AD brains (71). In this context, we have 
proposed that the desired Ml selective agonists for the 
treatment of AD, should not stimulate adenylyl cyclase via 
Ml mAChR, but should still be able to activate the Gq/1 1 
(4, 6, 20). Some Ml agonists including those from the AF 
series may fulfill these requirements. 

What might be some of the potential consequences of in- 
creased cAMP, in general, and due to mAChR activation, 
in particular? 

In general, intracellular elevation of cAMP may result in 
inhibition of both constitutive and PKC-stimulated secre- 
tory cleavage of APP (72). In particular, less stimulation 
of reduced M2 mAChR in AD by ACh would reduce Gi 
activation, the G-protein that mediates inhibition of ade- 
nylate cyclase. This could lead to elevated cAMP levels, 
which could activate cAMP-dependent protein kinase 
(protein kinase A). Protein kinase A, which about one 
third of it is associated with microtubule-associated pro- 
teins, can overphosphorylate tau proteins (see review, ref . 
65). It is possible that a combined loss of ACh-induced 
presynaptic signaling, together with post-synaptic activa- 
tion of Ml (and M3 mAChR)-mediated elevation in cAMP 
[by a very potent agonist (e.g., a full Ml agonist) or in- 
crease in ACh levels (due to inhibition of AChE)] contrib- 
ute to activated kinases which progressively can elevate 
hyperphorylated tau (see reviews, refs. 2, 4 and 65). Nota- 
bly, hyperphosphorylated tau is the primary component of 



Table 2. The relation between cholinergic function (muscarinic, nicotinic or both) and tau hyperphosphorylation 



Experiment (Ref.) 


Summary 


PC12M1 cell cultures 

+ /- AF102B, carbachol (44) 


Stimulation of Ml mAChR decreases tau phosphorylation and 
increases tau dephosphorylarJon. 


CHO-MlAChR co-transfected 
with tau and GSK-3/J +/- 
carbachol, xanomeline, 
sabcomeline (45) 


Muscarinic agonists decrease tau phosphorylation through PKC 
activation and via GSK-30 inhibition. 
Carbachol induces a decrease in tau phosphorylation and an 
increase in the formation of microtubule bundles. 


Primary cortical cell cultures 
+ /- carbachol (45, 46) 


Carbachol induces a decrease in tau phosphorylation. 


ApoE-dencient mice versus 
Control (47) 


Tau proteins in ApoE-deficient mice contain a hyperphosphorylated 
"hot spot" domain, localized N-terminally to the microtubule binding 
domain. 






■flESIng ^^yi/teoekW Tau epitopes which to* the *Twt *pot" domih «re - 


Other cholinergic compounds (23) 


Nicotinic agonists 
(nicotine, epibatidine) 
AChE-ls 

(tacrine, donepezil, galanthamine) 
[SH-SY5Y cells] 


Induce an increase in both phosphorylation and 
dephosphosphorylation of tau 



Alzheimer's Disease and Ml Agonists 



109 



paired helical filaments that form neurofibrillary tangles in 
AD brains (43). If this hypothesis is valid, it may indicate 
that Ml agonists that do not activate adenylate cyclase 
should be preferred in treatment of AD. Furthermore, it 
may indicate a detrimental effect of some highly efficacious 
or very potent muscarinic agonists that can activate all Ml 
mAChR-mediated signal transductions in a promiscuous 
way including the Ml mAChR coupling with Gs. The same 
caution may apply to AChE-Is since in such a scenario, 
elevated ACh levels can again increase brain cAMP levels. 

The above scenario may be complementary to the oppos- 
ing effects of Ml agonists vs nicotinic agonists and AChE- 
Is (23) on tau phosphorylated and dephosphorylated levels 
(Table 2). It is not yet clear whether the increased phos- 
phorylation of tau proteins induced by nicotinic agonists 
and AChE-Is, in vitro, may be of any relevance to AD 
(a long-term detrimental effect?). Nevertheless, a decreased 
phosphorylation of tau protein via Ml mAChR activation 
may indicate a linkage between the muscarinic signal trans- 
duction system(s) and the neuronal cytoskeleton, via regu- 
lation of phosphorylation of tau microtubule-associated 
protein (2, 44-47). It can be speculated that activation of 
Ml mAChRs might provide a novel treatment strategy for 
AD by modifying tau processing in the brain. 

6. Conclusions and future perspectives 

The text above and other recent publications (2, 4, 6 - 9, 
23, 57) indicate that a therapeutic strategy in AD patients 
based on Ml muscarinic agonists is probably not wrong, 
yet it requires a critical reassessment. This can be achieved 
mainly by a modification of our current thinking concern- 
ing this approach combined with additional research. 
Failure of some muscarinic agonists that had a priori 
major clinical limitations cannot be used against this thera- 
peutic concept. Definitively it should not discourage the 
clinical development of better Ml agonists for treatment of 
AD patients. History teaches us that sometimes the first- 
generation therapeutics, even when they failed, paved the 
way to more effective second-generation drugs with a simi- 
lar mechanism, providing there is a sensible hypothesis that 
can support such an approach. In this context recent scien- 
tific findings indicate that the basic approach is still valid, 
yet the original cholinergic hypothesis regarding Ml 
agonists was oversimplistic. Furthermore, these novel find- 
ings strengthen an updated and modified hypothesis that 
the Ml muscarinic treatment strategy is a viable and ra- 
tional approach that merits to be advanced into AD 
patients and other populations at risk to develop AD (e.g., 
minimal cognitive impairment). Proof of the clinical con- 
cept, using highly selective Ml agonists free of the disad- 
vantages of the earlier agonists, will require a strong multi- 
disciplinary collaboration between preclinical and clinical 



researchers and of course pharmaceutical companies. 

Ml mAChR activation, inter alia, induces neurotrophic- 
like responses (73-76), promotes normal processing of 
APP and decreases tau phosphorylation. ( It appears that 
activation of Ml mAChR could beneficially modulate dys- 
functions that are associated with AD including - Ap and 
tau proteins, ApoE, as well as some processes involving 
certain G-proteins and neurotroprrins (reviewed in refs. 4 
and 8). The compound with a high safety profile and selec- 
tivity for Ml mAChR, in particular in vivo, sh6uld be 
selected as a therapeutic strategy designed to influence the 
progression of AD and the onset or prevalence of various 
target populations at risk to develop AD. Based on current 
available data, select compounds from the AF series and 
some other highly selective Ml agonists-may well fulfil such 
rigorous acceptance criteria. 

Several therapeutic strategies in AD are extensively pur- 
sued, most focused on modulation of APP metabolism and 
secretion, Afi formation and/or aggregation (20). How- 
ever, Afi is a natural constituent of body fluids. Therefore 
it is not known how inhibition of its formation would 
affect normal function. Inhibition of fi- and/or y-secretases 
would lead to accumulation of APP or its A/3-containing 
fragments, if the inactivated a-secretase remains unmodi- 
fied. These fragments can be potentially neurotoxic. There- 
fore, attempts to reduce A0 in AD should also target the 
a-secretase. In this context, the ability of Ml agonists to 
stimulate APPs secretion and Afi reduction (via activation 
of a-secretase) might lead to a relatively direct route of A0 
reduction. This was already evidenced in AD patients. 
Thus two clinical studies revealed that chronic treatment 
with Ml agonists (AF102B and talsaclidine) reduced sig- 
nificantly cerebrospinal fluid (CSF) Afi (total) in AD 
patients (77, 78). These pioneering studies may indicate 
that Ml agonists have an important role in affecting Afi 
processing, probably by reducing Ap burden in AD 
patients. No other compounds were yet reported with such 
a unique profile. Moreover, physosrigmine (an AChE-I) 
and hydroxycholoroquine (an anU-inflanunatory drug) did 
not show a significant effect on CSF Afi levels when tested 
in AD patients in the same study of AF102B (78). Addi- 
tionally, in other studies, two of the AChE-Is effective on 
cognition in AD [donepezil (aricept) and galanthamine] did 
not show any significant effects on CSF A$ levels in AD 
patients (79). AD these may emphasize the unique thera- 
peutic value of Ml agonists vs the oversimplified concept 
that such compounds should provide mainly a symptomat- 
ic treatment. 

It is not currently known whether cholinergic degenera- 
tion, amyloid plaques, or neurofibrillary tangles is the most 
important or the major lesion in AD. Also how these new 
findings may affect the course of the disease or influence 
the onset of AD are questions that remain to be answered. 
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However the cholinergic system appears to participate in 
the processing of APP and tau phosphorylation (see review 
23). 

Albeit initially designed to act as a symptomatic treat- 
ment in AD, Ml -selective muscarinic agonists may have 
the potential to impact also on different aspects of AD 
pathogenesis regardless which is the main culprit in its in- 
duction (e.g M A0, tau hyperphosphorylation, ACh deficien- 
cy or their various combinations) (this review and refs. 6 
and 8). MI -selective agonists may allow testing effects on 
Afi and tau in AD patients, perhaps more directly than 
with other tools. ThiS may modify eventually the classical 
cholinergic hypothesis in AD that was limited to a sympto- 
matic treatment and ignored the added value of Ml 
agonists as potential disease-modifying agents. Chronic 
studies with highly selective Ml agonists in animal models 
mimicking various aspects of the AD pathology (e.g., 
transgenic animals which express one or several pathogenic 
proteins) followed by clinical studies (e.g., early stage of 
AD patients and/or other populations at risk), are needed 
to test this unifying hypothesis. 

A muscarinic treatment of AD not only will modify our 
current thinking about such treatments, but it may enlarge 
their use in combination therapy and in other neurological, 
neuropsychiatric diseases and autoimmune diseases with a 
documented cholinergic deficiency. In this context, it is rele- 
vant to mention the recent FDA approval of EVOXAC™ 
(Cevimeline, AF102B) for treatment of dry mouth in 
Sjogren Syndrome granted to Snow Brand Pharmaceuti- 
cals, Inc. (USA) [subsidiary of Snow Brand, Japan, the 
licensee of this compound]. This drug might prove to be 
effective in the future in other aging-related diseases such 
as AD. 

Acknowledgment 
Supported in part by the Institute for the Study of Aging, USA. 

REFERENCES 

1 Court JA and Perry EK: Dementia: the neurochemical basis of 
putative transmitter orientated therapy. Pharmacol Ther 52, 423 - 
443 (1991) 

2 Ladner CJ and Lee JM: Pharmacological drug treatment of Alz- 
heimer disease: the cholinergic system revisited. J Neuropathol 
Exp Neurol 57, 719 - 731 (1998) 

3 Perry E, Court J, Goodchild R, Griffiths M, J arcs E, Johnson 
M, Lloyd S, Piggott M, Spurden D, Ballard C, McKeith I and 
Perry R: Clinical neurochemistry: developments in dementia 
research based on brain bank material. J Neural Transm 105, 
915-933 (1998) 

4 Fisher A: Muscarinic agonists for the treatment of Alzheimer's 
disease: progress and perspectives. Exp Opin Invest Drugs 6, 
1395-1411 (1997) 

5 Svensson AL, Alafuzoff I and Nordberg A: Characterization of 
muscarinic receptor subtypes in Alzheimer and control brain cor- 



tices by selective muscarinic antagonists. Brain Res 596, 142- 148 
(1992) 

6 Fisher A and Barak D: Progress and perspectives in new musca- 
rinic agonists. Drug News Perspect 7, 453-464 (1994) 

7 Emmerling MR, Schwartz RD, Speigel K and Callahan MJ: New 
perspectives on developing muscarinic agonists for treating Alz- 
heimer's disease [database). Alzheimer's Dis 2(4) (1997) 

8 Fisher A: Muscarinic receptor agonists in Alzheimer's disease. 
More than just symptomatic treatment. CNS Drugs 12, 197-214 
(1999) 

9 Avery EE, Baker LD and Asthenia S: Potential role of musca- 
rinic agonists in Alzheimer's disease. Drugs Aging 11, 450 - 459 
(1997) 

10 Ensinger HA, Bechtel WD, Birke FW, Mendla KD, Mierau J, 
Speck G and Troger W: WAL 2014 FU (Talsaclidine): A pre- 
ferentially neuron activating muscarinic agonist for the treatment 
of Alzheimer's disease. Drug Dev Res 40, 144-157 (1997) 

11 Wanibuchi F, Konishi T, Harada M, Terai M, Hidaka K, 
Tamura T, Tsukamoto S and Usuda S: Pharmacological studies 
on novel muscarinic agonists, 1 -oxa-8-azaspiro[4.5]decane deri- 
vatives YM796 and YM954. Eur J Pharmacol 187, 476 - 486 
(1990) 

12 Schwarz RD, Callahan MJ, Emmerling MR, Raby C and Teccle 
H: Muscarinic agonists for the treatment of Alzheimer's disease: 
the case of combination therapy. In Proceedings of the 6th Intern 
Stockholm/Springfield Symposium on Advances in Alzheimer 
Therapy, April 5 -8, p 140 (2000) 

13 Bodick NC, Often WW, Levey AI, Tollesfon GD, Rasmussen K, 
Bymaster FP, Hurley DJ, Potter WZ and Paul &M: Effects of 
xanomeline, a selective muscarinic receptor agonist, on cognitive 
function and behavioral symptoms in Alzheimer Disease. Arch 
Neurol 54,465 - 473 (1997) 

14 Bymaster FP, Whitesitt CA, Shannon HE, DeLapp N, Ward JS, 
Calligaro DO, Shipley LA, Buelke-Sam J, Bodick NC, Farde L, 
Sheardown MJ, Olesen PH, Hansen KT, Suzdak PD, Swedberg 
MDB, Sauerberg P and Mitch CH: Xanomeline: a selective mus- 
carinic agonist for the treatment of Alzheimer's disease. Drug 
Dev Res 40, 158-170 (1997) 

15 Schwarz RD, Callahan MJ, Coughenour LL, Dickerson MR, 
Kinsora J J, Lipinski WJ, Raby CA, Spencer CJ and Teccle H: 
Milameline (CI-979/RU35926): a muscarinic receptor agonist 
with cognition-activating properties: Bichemical and in vivo char- 
acterization. J Pharmacol Exp Ther 291, 812 - 822 (1999) 

16 Loudon JM, Bromidgc SM, Brown F, Clark MSG, Hatcher JP, 
Hawkins J, Riley GJ, Noy G and Chick BS: SB2Q2026: a novel 
muscarinic partial agonist with functional selectivity for M2 
receptors. J Pharmacol Exp Ther 283, 1059-1068 (1997) 

17 Wood MD, Murkitt KL, Ho M, Watson JM, Brown F, Hunter 
AJ and Middlemiss DN: Functional comparison of muscarinic 
partial agonists at muscarinic receptor subtypes hMl, hM2, hM3, 
hM4 and hM5 using mi crophysi ometry . Br J Pharmacol 126, 
1620-1624(1999) 

18 Meier E, Frederiksen K, Nielsen M, Lembol HL, Pedersen H and 
HyteU J: Pharmacological in vitro characterization of the areco- 
line bioisostere, Lu 25-109-T, a muscarinic compound with Ml- 
agonisuc and M2/M3-antagonistic properties. Drug Dev Res 40, 
1-16(1997) 

19 Gurwitz D, Haring R, Heldman E, Fraser CM, Manor D and 
Fisher A: Discrete activation of transduction pathways associated 
with acetylcholine Ml receptor by several muscarinic Ugands. Eur 



Alzheimer's Disease and M 1 Agonists 



111 



J Pharmacol (Mol Pharmacol) 267, 21-31 (1994) 

20 Sabbagh Mn, Galsako D and Thai LJ: Beta-amyloid and treat- 
ment opportunities for Alzheimer's disease. Alzheimer Dis Rev 3, 
1-19(1997) 

21 Growdon JH: Muscarinic agonists in Alzheimer's Disease. Life 
Sci 60, 993 - 998 (1997) 

22 Pavia J, de Ceballos M and de la Cuesta FS: Alzheimer's disease: 
relationship between muscarinic cholinergic receptors, beta- 
amyloid and tau proteins. Fundam Clin Pharmacol 12, 473 -481 
0998) 

23 Hellstrom-LindahJ E: Modulation of beta-amyloid precursor pro- 
tein processing and tau phosphorylation by acetylcholine recep- 
tors. Eur J Pharmacol 393, 255 - 263 (2000) 

24 Nitsch RN, Slack BE, Wurtman RJ and Growdon JH: Release of 
Alzheimer amyloid precursor derivatives stimulated by activation 
of muscarinic acetylcholine receptors. Science 58, 304-307 (1992) 

25 Buxbaum JD, Oishi M, Chen HI, Pinkas-Kramarski R, Jaffe EA, 
Candy SE and Grcengard P: Cholinergic agonists and interlcukin 
1 regulate processing and secretion of the Alzheimer beta-A4 
amyloid protein precursor. Proc Natl Acad Sci USA 89, 10075 - 
10078 (1992) 

26 Haring R, Gurwitz D, Barg J, Pinkas-Kramarski R, Heldman E, 
Pittel Z, Wengier A, Meshulam H, Karton Y and Fisher A: 
Amyloid precursor protein secretion via muscarinic receptors: 
Reduced desensitization using the Ml -selective agonist AF102B. 
Biochem Biophys Res Commun 203, 652 - 658 (1994) 

27 Haring R, Gurwitz D, Barg J, Pinkas-Kramarsky R, Heldman E, 
Pittel Z, Danenberg HD, Wengier A, Meshulam H, Marciano D, 
Karton Y and Fisher A: NGF promotes amyloid protein secretion 
via muscarinic receptor activation. Biochem Biophys Res Com- 
mun 213, 15-23 (1995) 

28 Hung AY, Haass C, Nitsch R, Qiu WQ, Citron M, Wurtman RJ, 
Growdon JH and Selkoe DJ: Activation of protein kinase C 
inhibits cellular production of the amyloid beta-protein. J Biol 
Chem 268, 22959 - 22962 (1993) 

29 Wolf BA, Wert kin AM, Jolly YC, Yasuda RO, Wolfe BB, 
Konrad RJ, Manning D, Ravi S, Williamson JR and Lee VM-Y: 
Muscarinic regulation of Alzheimer's disease amyloid precursor 
protein secretion and amyloid beta-protein production in human 
neuronal NT2N cells. J Biol Chem 270, 4916-4922 (1995) 

30 Eckols K, Bymaster FP, Mitch CH, Shannon HE, Ward JS and 
DeLapp NW: The muscarinic Ml agonist xanomeline increases 
soluble amyloid precursor protein release from CHO Ml cells. 
Life Sci 57, 1183-1190(1995) 

31 Farber SA, Nitsch RM, Schulz JG and Wurtman RJ: Regulated 
secretion of fl-amyloid precursor protein in rat brain. J Neurosci 
15, 7442 - 7451 (1995) 

32 Muller DM, Mendla K, Farber SA and Nitsch RM: Muscarinic 
Ml receptor agonists increase the secretion of the amyloid 
precursor protein ectodomain. Life Sci 60, 985 - 991 (1997) 

33 Pittel Z, Heldman E, Barg J, Haring R and Fisher A: Muscarinic 
control of amyloid precursor protein secretion in rat cerebral cor- 
tex and cerebellum. Brain Res. 742, 299 - 304 (1996) 

34 Fisher A, Brandeis R, Haring R, Eshhar N, Heldman E, Karton 
Y, Eisenberg O, Meshulam H, Marciano D and Pittel Z: Novel 
ml muscarinic agonists in treatment and delaying the progression 
of Alzheimer's disease: a unifying hypothesis. J Physiol (Paris) 
92, 337 - 340(1998) 

35 Haring R, Fisher A, Marciano D, Pittel Z, Kloog Y, Zuckerman 
A, Eshhar N and Heldman E: Mitogen-activated protein kinase- 



dependent and protein kinase C-dependcnt pathways link the 
ml muscarinic receptor to amyloid precursor protein secretion. 
J Neurochem 71, 2094 - 2103 (1998) 

36 Fisher A, Michaelson DM, Brandeis R, Haring R, Chapman S 
and Pittel Z: Ml muscarinic agonists as potential disease modi- 
fying agents in Alzheimer's disease: rationale and perspectives. In 
Proceedings of the 9th Meeting of the International Study Group 
on the Pharmacology of Memory Disorders A ssoci a ted with 
Aging, Zurich, Switzerland, Feb 18-20, pp 381-386 (2000) 

37 Rossner S, Ueberham U, Yu J, Kirazov L, Schliebs R, Perez- 
Polo R and Bigl V: In vivo regulation of amyloid precursor 
protein secretion in rat neocortex by cholinergic activity. Eur J 
Neurosci 9, 2125 - 2134 (1997) 

38 Lin L, Georgievska B, Mattsson A and lsacsoo O: Cognitive 
changes and modified processing of amyloid precursor protein in 
the cortical and hippocampal system after cholinergic synapse 
loss and muscarinic receptor activation. Proc Natl Acad Sd.USA 
96,12108-12113 (1999) 

39 Beach TG, Potter PE, Kuo Y, Emmeriing MR, Durham RA, 
Webster SD, Walker DG, Sue LI, Scott S, Layne KJ and Roher 
AE: Cholinergic deafferentation of the rabbit cortex: a new 
animal model of A-beta deposition. Neurosci Lett 31, 9- 12 
(2000) 

40 Savage MJ, Trusko SP, Howland DS, Pinsker LR, Mistretta S, 
Reaume AG, Breenberg BD, Siman D and Scott RW: Turnover 
of amyloid beta-protein in mouse brain and acute reduction of its 
level by phorbol ester. J Neurosci 185, 1743 - 1752 (1998) 

41 Haring R, Pittel Z, Eizenberg O and Fisher A: M, muscarinic 
agonists protect PC12M1 cells from growth factor deprivation 
and ^-amyloid-induced apoptosis. Neurobiol Aging 21, Abstr, 
5187 (2000) 

42 Weingarten MD, Lockwood AH, Hwo SY and Kirschner MW: 
A protein factor essential for microtubule assembly. Proc Natl 
Acad Sci USA 72, 1858 - 1862 (1975) 

43 Johnson GVW and Hartigan JA: Tau protein in normal and 
Alzheimer's disease brain: an update. Alzheimer's Dis Rev 3, 
125-141 (1998) 

44 Sadot E, Gurwitz D, Barg J, Behar L, Ginzburg I and Fisher A: 
Activation of ml -muscarinic acetylcholine receptor regulates tau 
phosphorylation in transfected PCI 2 cells. J Neurochem 66, 
877 - 880(1996) 

45 Forlenza O, Spink J, Oleson O, Anderton BH and Lovestone S: 
Muscarinic agonists reduce tau phosphorylation in transfected 
cells and in neurons. Neurobiol Aging 19, S218 (1998) 

46 Forlenza OV and Gattaz WF: The influence of cholinergic mecha- 
nisms on neurodegeneration due to beta-amyloids and tau phos- 
phorylation (translated from Portuguese). Rev Psiq Clin 25, 
114-117 (1998) 

47 Genis I, Fisher A and Michaelson DM: Site-specific dephosphory- 
iation of tau in apotipoprotein E-deficient and control mice by 
Ml muscarinic agonist treatment. J Neurochem 12, 206 - 213 
(1999) 

48 Lovestone S and Reynolds CH: The phosphorylation of tau: a 
critical stage in neurodevelopment and neurodegenerative pro- 
cesses. Neurosci ence 78, 309 - 324 (1997) 

49 Fisher A, Brandeis R, Chapman Pittel Z and Michaelson DM: 
Ml muscarinic agonist treatment reverses cognitive and choliner- 
gic impairments of apolipoprotein E-deficient mice, j Neurochem 
70, 1991-1997 (1998) 

50 Chapman S, Fisher A, Weinstock M, Brandeis R, Shohami E and 



112 



A. Fisher 



Michadson DM: The effects of the acetylcholinesterase inhibitor 
ENA713 and the Ml agonist AF150(S) on apolipoprotein E 
deficient mice. J Physiol (Paris) 92, 299-303 (1998) 

51 Bons N, Jallageas V, Maestre-Frances N, Silhol S, Petter A and 
Delacourte A: Microcebus murinus, a convenient laboratory 
animal for the study of Alzheimer's disease. Alzheimer's Res 1, 
83-87(1995) 

52 Silhol S, Calenda A, Jallageas V, Mestre-Frances N, Bellis M and 
Bons N: Beta-amyloid protein precursor in Microcebus murinus: 
genotyping and brain localization. Neurobiol Dis 3, 169-182 
(1996) 

53 Giannakopoulos P, Silhol S, Jallageas V. Mallet J» Bons N, 
Bouras C and Delaere P: Quantitative analysis of tau protein- 
immunoreactive accumulations and beta-amyloid protein deposits 
in the cerebral cortex of the mouse lemur, Microcebus murinus. 
Acta Neuropathol 94, 131 - 139 (1997) 

54 Fisher A, Kealler E and Bons N: Cognitive and behavioral im- 
provements in the aged primate Microcebus murinus following 
one year treatment with the Ml muscarinic agonist, AF150(S). 
Neurobiol Aging 21, Abstr, S19 (2000) 

55 Giacobini E: Cholinergic foundations of Alzheimer's disease 
therapy. J Physiol (Paris) 92, 283 - 287 (1998) 

56 Giacobini E: Cholinergic receptors in human brain: effects of 
aging and Alzheimer's disease. J Neurosci Res 27, 548 - 560 
(1990) 

57 Benzi G and Moretti A: Is there a rationale for the use of acetyl- 
cholinesterase inhibitors in the therapy of Alzheimer's disease? 
Eur J Pharmacol 346, 1-13(1998) 

58 Giacobini E, Zhu, X-D, Williams E and Sherman KA: The effect 
of the selective reversible acetylcholiesterase inhibitor E2020 on 
extracellular acetylholine and biogenic amine levels in rat cortex. 
Neuropharmacology 35, 205 - 211 (1996) 

59 Kosasa T, Kuriya Y, Matsui K and Yamanishi Y: Effects of 
donepezil hydrochloride (E2Q20) on basal concentration of ex- 
tracellular acetylcholine in the hippocampus of rats. Eur J 
Pharmacol 380, 101 - 107 (1999) 

60 Nordrgen I, Karlen B and Kimland M: Metrifonat and tacrine: 
a comparative study on their effect on acetylcholine dynamics in 
mouse brain. Pharmacol Toxicol 71, 236-240 (1992) 

61 Winkler J, Suhr ST, Gage FH, Thai U and Fisher U: Essential 
role of neocortical acetylcholine in spatial memory. Nature 375, 
484-487(1995) 

62 von der Kramer H, Mayhaus M, Albrecht C, Enderich J, Wegner 
M and Nitsch RM: Muscarinic acetylcholine receptors activate 
expression of the Egr gene family of transcription factors. J Biol 
Chem 273, 14538- 14544 (1998) 

63 Vincent GP and Sepinwall J: AF102B, a novel Ml agonist, en- 
hanced learning in C57BL/10 mice with a long duration of ac- 
tion. Brain Res 597, 264 - 268 (1992) 

64 Quirion R, Kitaichi K and Rowc W: Muscarinic M 2 receptor an- 
tagonism: a viable strategy in the treatment of Alzheimer's dis- 
ease. In Proceedings of the 5th Inter Geneva/Springfield Sympo- 
sium on Advances in Alzheimer Therapy, April 15-18, p 90 
(1998) 

65 Jope RS: Cholinergic muscarinic receptor signaling by phos- 
phoinositides signal transduction system in Alzheimer's disease. 
Alzheimer's Dis Rev 1, 2- 14 (1996) 

66 Potter PE, Gaughan C and Assouline Y: Lesion of septal-hippo- 



jcampal neurons with 192 IgG-saporin alters function of Ml 
muscarinic receptors. Neuropharmacology 38, 579 - 586 (1999) 

67 Kelly JF, Fumkawa K, Barger SW, Rengen MR, Mark RJ, Blanc 
EM, Roth GS and Matson MP: Amyloid beta-peptide disrupts 
carbachol-induced muscarinic cholinergic signal transduction in 
cortical neurons. Proc Natl Acad Sci USA 96, 6753 - 6758 (1996) 

68 Kar S, Seto D, Gaudreau P and Quirion R: Beta-amyloid-related 
peptides inhibit potassium-evoked acetylcholine release from rat 
hippocampal slices. J Neurosci 16, 1034- 1040 < 1996) 

69 Hoshi M, Takashima A, Murayama M, Yasutakc K, Yodhida N, 
Ishiguro K, Hoshi no T and Imahori K: Nontoxic amyloid beta 
peptide 1 -42 suppresses acetylcholine synthesis: possible role in 
cholinergic dysfunction in Alzheimer's disease. J Biol Chem 272, 
2038-2041 (1997) 

70 Matinez M, Fernandez E, Frank A, Guaza C, de la Fuente M and 
Henanz A: Increased cerebrospinal fluid cAMP in Alzheimer's 
disease. Brain Res 846, 265-267 (1999) 

71 Harrison PJ, Barton AJ, McDonald B and Pearson RCA: Alz- 
heimer's disease: specific increases in a G-protein subunit (Gs- 
alpha) mRNA in hippocampal and cortical neurons. Mol Brain 
Res 10, 71-81 (1991) 

72 Efthimiopoulos S, Punj S, Manoiopoulos V, Pangalos M, Wang 
Gp, Refolo LM and Robakis NK: Intracellular cAMP inhibits 
constitutive and phorbol ester-stimulated secretory cleavage of 
amyloid precursor protein. J Neurochem 67, 872 - 875 (1996) 

73 Pinkas-Kramarski R, Stein R, Lindenboim L and Sokolovky M: 
Growth-factor like effects mediated by muscarinic receptors in 
PC12M1 cells. J Neurochem 59, 2158-2166 (1992) 

74 Mount H, Dreyfus C and Black I: Muscarinic stimulation pro- 
motes cultured Purkinje cell survival: a role for acetylcholine in 
cerebellar development? J Neurochem 63, 2065 - 2073 (1995) 

75 AJberch J, Gurwitz D, Fisher A and Mount HTJ: Novel musca- 
rinic Ml receptor agonists promote survival of CNS neurons in 
primary cell culture. Soc Neurosci Abstr 21, 2040 (1995) 

76 Gurwitz D, Haring R, Pinkas-Kramarski R, Stein R, Heldman E, 
Karton Y and pisher A: NGF-dependent neurotrophic-like effects 
of AF102B, an Ml muscarinic agonist, in PC12M1 cells. Neuro- 
Report6, 485-488(1995) 

77 Nitsch RM, Deng M, Tennis M, Schoenfield D and Growdon, 
JH: Regulation of APP processing by cholinergic neurotransmis- 
sion. In Proceedings of the 6th Intern Stockholm/Springfield 
Symposium on Advances in Alzheimer Therapy, April 5-8, p 117 
(2000) 

78 Hock C, Maddalena A, Deng M, Growdon JM and Nitsch RM: 
Treatment with the selective muscarinic agonist talsaclidine 
decreases cerebrospinal fluid levels of total amyloid beta-peptide 
in patients with Alzheimer's disease. In Proceedings of the 9ih 
Meeting of the International Study Group on the Pharmacology 
of Memory Disorders Associated with Aging, Zurich, Switzer- 
land, Feb 18-20, pp 263-269 (2000) 

79 Blennow K: CSF biochemical markers for the early detection of 
Alzheimer's disease. 6th Intern Stockholm/Springfield Sympo- 
sium on Advances in Alzheimer Therapy, April 5 - 8, p 36 (2000) 

80 Alrhkvist O, Basun H. Wagner SL, Rowe BA, Wahlund LO and 
Lannfelt L: Cerebrospinal fluid levels of alpha-secretase-cleaved 
soluble amyloid precursor protein mirror cognition in a Swedish 
family with Alzheimer disease and a gene mutation. Arch Neurol 
54, 641-644(1997) 



